We report the design, fabrication and experimental investigation of a spectrally wide-band terahertz spatial light modulator (THz-SLM) based on an array of 768 actuatable mirrors with each having a length of 220 μm and a width of 100 μm. A mirror length of several hundred micrometers is required to reduce diffraction from individual mirrors at terahertz frequencies and to increase the pixel-to-pixel modulation contrast of the THz-SLM. By means of spatially selective actuation, we used the mirror array as reconfigurable grating to spatially modulate terahertz waves in a frequency range from 0.97 THz to 2.28 THz. Over the entire frequency band, the modulation contrast was higher than 50% with a peak modulation contrast of 87% at 1.38 THz. For spatial light modulation, almost arbitrary spatial pixel sizes can be realized by grouping of mirrors that are collectively switched as a pixel. For fabrication of the actuatable mirrors, we exploited the intrinsic residual stress in chrome-copper-chrome multi-layers that forces the mirrors into an upstanding position at an inclination angle of 35°. By applying a bias voltage of 37 V, the mirrors were pulled down to the substrate. By hysteretic switching, we were able to spatially modulate terahertz radiation at arbitrary pixel modulation patterns.
The application of terahertz imaging systems in an industrial environment is currently limited by long recording times for images of larger objects. This is especially true, when additional spectroscopic information is collected during the imaging process.
To overcome these limitations, researchers have been eager during the last two decades to develop new approaches for decreasing the recording times in imaging terahertz spectroscopy 1 . The advancement of this technology is motivated by the properties of the inherently non-ionizing terahertz waves that can be used to screen hazardous material. Especially dielectrics like plastics and textiles are transparent for terahertz radiation. Other substances allow their identification due to strong absorption in the terahertz frequency band. For these reasons, terahertz technology is potentially suited for spectroscopy and imaging of concealed substances in security screening 2, 3 ,quality control [4] [5] [6] and bio-medical applications [7] [8] [9] .
As mentioned above, the use of terahertz imaging systems in an industrial environment is hampered by low power, high cost, and long recording times for imaging the larger objects. The latter plays a crucial role, when additional spectroscopic information is collected during the imaging process 10, 11 . Commonly applied imaging techniques include improved raster scanning 11 and imaging via semiconductor-based focal plane arrays 12, 13 , the latter of which do not record spectroscopic data. A more recent approach for increasing data acquisition rates is coded aperture imaging 14 , where a number of various projections of a scene is mapped onto a single-pixel detector. The image is then retrieved by either direct matrix inversion 15 or by means of compressive computation to further accelerate the reconstruction of the image 16, 17 . In all cases, coded aperture imaging requires terahertz spatial light modulators (THz-SLMs) that act as encodable projection aperture grids.
In this context, different concepts for the implementation of THz-SLMs have been reported. While planar metal masks provide THz-SLMs with a high amplitude modulation depth over a wide spectral range, they are not dynamically reconfigurable 16, 18 . In contrast, reconfigurable metamaterials accomplish fast dynamic spatial modulation 17, [19] [20] [21] [22] [23] [24] , yet only for a small spectral working range. This implies that metamaterial SLMs are not necessarily suited for terahertz imaging spectroscopy. Other modulators, as e.g. electrically tunable structures on graphene or vanadium dioxide, ensure a broad spectral working range, but require large pixel sizes [25] [26] [27] [28] , which limits the spatial resolution of the images. The concept to dynamically inscribe modulation masks into semiconductors by spatially patterned optical excitation of electrons via commercially available micromirror arrays increases the spatial resolution [29] [30] [31] [32] [33] . However, the electromagnetic performance of such modulators is limited by high terahertz intensity loss in the semiconductor itself.
Another interesting approach to modulate amplitude and phase of electromagnetic waves is the application of parity-time-symmetric optical potentials for one-way reflected light [34] [35] [36] . This has also been shown for acoustic waves and corresponding parity-time-symmetric acoustic potentials 37, 38 .
In the visible and infrared frequency range, micro-electromechanical systems (MEMS) have been established as efficient spatial light modulators. Since such micromirror arrays have proven to be reliable, reconfigurable, spectrally wide-band modulators with high spatial resolution, it would be desirable to use similar types of modulators in the terahertz regime. Though, state-of-the-art micromirror arrays only offer a restricted actuation range that is too small to efficiently interact with terahertz radiation at wavelengths near 100 μm. Moreover, the limited size of the micromirrors causes significant diffraction of terahertz waves and thus decreases the modulation efficiency. At this point, it must be noted that each micromirror in a MEMS-based spatial light modulator constitutes an individual pixel, since the mirror size is larger than the wavelength of light in the optical frequency range. It is obvious that this condition cannot be fulfilled in the terahertz range, where the wavelength at a frequency of 1 THz is 300 µm and the fabrication of mirrors exceeding a size of 300 µm would be extremely challenging. In addition, the electric actuation of such large mirrors would require very high voltages and the movement would be inert. To adress this issue, we recently suggested a new concept for spatial terahertz wave modulation in 39 , where we reported that spectrally wide-band, diffraction-reduced modulation of terahertz radiation can be achieved by reconfigurable gratings that rely on actuable micromirror arrays with high actuation range 40 . Although the minimal mirror lengths in such grating arrays are still of the order of 200 μm to limit diffraction from the mirrors and to guarantee sufficient modulation efficiency, the physical implementation is still extremely challenging. In fact, there are only a few publications dealing with the fabrication of arrays with mirrors of larger size than typically used in the optical range. For example, Canonica et al. describe the implementation of large mirror MEMS in reflection geometry [41] [42] [43] . However, the reported actuation range of the mirrors is small and thus not suitable for the realization of grating-based large mirror array modulators for terahertz radiation.
In this respect, one promising approach for implementing MEMS with large mirrors is the exploitation of a self assembly method [44] [45] [46] . In such a process, a metallic multi-layer structure with differing intrinsic residual stress within and between the individual layers is partially deposited on a sacrificial substrate. Once released from the sacrificial layer, the metallic multi-layer structure bends to compensate for the stress 47 . As a result, one obtains upstanding mirrors that can be moved by application of an electric field due to capacitive effects between mirrors and ground plane. In terahertz technology, the implementation of this concept was succesfully demonstrated in the context of MEMS metamaterials and metasurfaces [48] [49] [50] [51] . However, the size of the metallic structures did not exceed 50 μm in reflection systems and therefore was much smaller than the required mirror length of 200 μm. Moreover, the inclination angle of the mirrors was not designed to be usable as reconfigurable reflection grating for spatial terahertz wave modulation.
Here, we report the design, fabrication and experimental evaluation of a grating-based terahertz spatial light modulator that relies on an electro-mechanically reconfigurable array of large mirrors. The reconfigurable grating modulator consists of 4 × 6 independently switchable pixels with a pixel size of 1 mm × 2 mm. Each individual pixel is composed of 4 × 8 micromirrors that either lie flat and form a mirror or are in an inclined position to form a single-pixel grating. The micromirrors are of rectangular geometry with a width of 100 μm and a length of 220 μm. In the upstanding position, the maximum angle between the mirrors of a pixel and the ground electrode plane is 35°. By application of a bias voltage of 37 V, the mirrors of a pixel are completely pulled down and lie flat on the substrate. The broadband spectral working range of the spatial terahertz wave modulator spans from 0.97 THz to 2.28 THz with a modulation depth of more than 50% for normally incident terahertz waves. The achieved peak modulation depth is 87% at 1.38 THz. By means of hysteretic switching, the concept of which is explained in detail in Sec. 3 of the Supplementary Information, it is possible to address each mirror individually such that the terahertz waves can be modulated at arbitrary spatial patterns.
Fabrication, Design and Modeling
It was our goal to implement a grating-based THz-SLM with high modulation depth and wide spectral working range for application in a coded aperture terahertz imaging spectroscope. Under this premise, we asserted by numerical studies that a reconfigurable grating can spatially modulate terahertz waves over a wide spectral range when applied in reflection geometry. The setup of such a modulator and the modulation scheme are illustrated in Fig. 1 . The grating modulator consists of an array of mirrors that bend up due to residual strain mismatch in the used material layers (see Fig. 1(a) ). In this upstanding case, the mirrors form a diffraction grating for terahertz waves. From the grating of inclined mirrors, normally incident terahertz radiation is diffracted into the different diffraction orders. By design, the grating is devised to suppress back diffraction into the direction of the incoming terahertz beam. This implies that a single-pixel detector or transceiver, placed in this beam path, records a minimum of back-diffracted terahertz waves from the grating. For this reason, we refer to this case as the OFF-state.
By application of a bias field, the mirrors can be individually pulled down to lie flat on the substrate (see Fig. 1(b) ). In this case, normally incident terahertz radiation is reflected back into the source and a sensor (transceiver) in the beam path detects maximal intensity. For this reason, we refer to this case as the ON-state. Since we can switch the mirrors individually from OFF-state to ON-state and vice versa, we can define discrete pixels of the THz-SLM by grouping N mirrors per pixel. In consequence, the minimally achievable pixel size of the modulator is defined by the geometric size of a single mirror. Moreover, we can basically define modulator pixels of arbitrary larger size by grouping multiple mirrors per pixel. By this means, the grating modulator provides a great variety of options to spatially modulate terahertz waves by application of different field bias patterns. In Fig. 1 for example, a discrete modulator pixel is composed of 4 × 8 mirrors that are switched as a group.
The design of the individual mirrors and the pixel-defining groups of mirrors is stipulated by the intended interaction with terahertz radiation. Regarding the design, it must be assured that the mirror size is large enough to avoid immoderate diffraction from individual mirrors, which would blur the spatial modulation contrast between the pixels. We calculated that a minimum mirror length of 200 μm and a minimum width of 100 μm is sufficient to suppress excessive diffraction from individual mirrors in a frequency working range between 0.8 and 2.3 THz, as detailed in the Supplementary Information, Sec. 1.
Fabrication.
For the fabrication of the grating modulator, we first implemented and structured the ground electrode by sputtering a 5 nm thick Cr adhesion layer on a Si-wafer, followed by an Au layer of 100 nm thickness. To electrically insulate the ground electrode from the mirrors, we added a 3 μm parylene C layer as dielectric spacer. Subsequently, we covered the parylene C with 3 μm polycrystalline Si (poly-Si) via plasma-enhanced chemical vapor deposition and structured it during a reactive ion etch process. For implementation of the actuating mirrors, we deposited a Cr(1 nm)-Cu(150 nm)-Cr(8 nm) multi-layer such that the restrained, unmovable base of the mirrors adhered to the parylene C, while the movable mirror parts lay on the structured poly-Si. Furthermore, we evaporated the conducting electrode traces onto the parylene C. In the multi-layer arrangement, the Cu is sealed between the two Cr layers, which prevents oxidization of the Cu. We further structured the Cr-Cu-Cr mirrors by standard photo-lithography to implement the pixelated layout. A schematic cross-sectional view of the layer arrangement is shown in Fig. 2 (a) and a microscope picture is depicted in Fig. 2(b) . By removal of the poly-Si sacrificial layer via reactive ion etching, we released the parts of the mirrors that incline after losing contact to the poly-Si. After release, the base of the mirrors still adhered to the parylene C, while the strain in the released parts induced significant bending of the mirrors in the vicinity of the base, which brought them in an upstanding position. A schematic cross-sectional view of the layer arrangement and a microscope picture of the released mirrors are shown in Fig. 2(c,d) . Additionally, a SEM picture of the released mirrors is depicted in Fig. 2(e) .
Each mirror has a length of 220 μm and a width of 100 μm. We determined an average longitudinal inclination angle of 35° with an optical coherence tomograph (see Supplementary Information Sec. 2 or SI- Fig. 6 ). As mentioned above, the longitudinal inclination is caused by the intrinsic residual stress mismatch between the bottom Cr-Cu layer (tensile) and the top Cr layer (compressive) that must be thicker than the bottom Cr layer 44 . The required individual layer thicknesses for the longitudinal flexure were optimized during multiple fabrication runs. In addition, we observed transverse flexure of the mirrors, which can be seen in Fig. 2(e) . The transverse flexure prevents the mirrors from coiling up along the longitudinal direction. For this reason, the longitudinal flexure is mainly confined around the support point at the base of the mirrors and the inclined mirrors are almost straight or only slightly bent along the longitudinal direction. The large inclination angle of the mirrors relative to the substrate enables us to implement grating-based THz-SLMs with large actuation range, as can be seen from Fig. 2(e) . Furthermore, the suitable length and width of the mirrors reduces the effect of diffraction from individual mirrors in the terahertz frequency range and thus promises high spatial modulation contrast when used as a THz-SLM. , where R ON and R OFF indicate the corresponding intensity reflectivity for the ON-state and OFF-state, respectively. Furthermore, we determined an optimal number of mirrors that is required to compose a pixel under the pursuit of high spatial resolution and modulation contrast, while keeping the mirror size adequate for fabrication. For the numerical calculations, we used Computer Software Technology (CST) Microwave Studio 2018 © . Further information on the simulation model and the analysis of the corresponding data can be found in the Supplementary Information Sec. 1. As an optimized design, we implemented a THz-SLM with 24 independently addressable pixels that are composed of 4 × 8 mirrors each. As a result, the grating-based THz-SLM contains 768 actuatable mirrors.
In a proof of concept simulation, we numerically calculated the spatial electric field distribution of terahertz waves that were spatially modulated by the THz-SLM. As an example, we calculated the spatial diffraction from a 2 × 2 pixel THz-SLM with two ON-pixels along one diagonal and two OFF-pixels along the other diagonal, as shown in Fig. 3(a) . For better visualization, the ON-pixels in Fig. 3(a) are highlighted by black frames, while the OFF-pixels are marked by red frames. The mirrors of the OFF-pixels were homogeneously inclined at 35°. The plane, x-polarized terahertz waves were normally incident on the THz-SLM from the −z-direction. The electromagnetic boundaries of the calculation domain were open. The magnitude of the diffracted electric field was monitored by field probes that were located in a plane parallel to the xy-plane in 2 mm distance from the THz-SLM. The diffracted electric field was recorded in the time domain. We applied a fast fourier transform to calculate the diffracted field intensity at 1.38 THz. The spatial distribution of the diffracted field intensity is depicted in Fig. 3(b) . As can be seen, the field intensity of the terahertz waves is spatially modulated according to the modulation pattern illustrated in Fig. 3(a) , which evidences the modulation capabilities of the THz-SLM for this example.
Modeling. In order to theoretically describe the electro-mechanical actuation properties of the THz-SLM, we developed a single beam spring mass model to describe the longitudinal inclination of the mirrors under electrostatic actuation. The derivation of the model is involved and will be published in a separate article. Our mathematical model predicts the dependence of the inclination angle ϕ on the applied bias voltage V bias in the manner shown in Fig. 4 . The functional dependence reveals a strong voltage-dependent hysteresis of the inclination that allows efficient switching between inclined mirror states and completely flipped-down mirror states. The arrows in Fig. 4 illustrate the hysteretic behavior of the inclination angle for increasing voltages (green dashed arrows) and decreasing voltages (red dotted arrows), respectively. In the hysteretic cycle, the mirrors are inclined for zero www.nature.com/scientificreports www.nature.com/scientificreports/ voltage. When the voltage is increased, the electrostatic force pulls the mirrors towards the ground plane and the inclination angle continuously decreases to the cusp of the hysteresis curve, where the mirrors are pulled down to the ground electrode at the pull-in voltage V pull-in . For decreasing voltage, the mirrors are held at the ground plane before being released at the release voltage V release . At this voltage, the mirrors return to the maximal inclination angle at the start of the hysteresis cycle. In analogy to Canonica et al. 41 , we exploited the hysteretic behavior of the mirror inclination for individual, almost independent actuation of all M × N pixels in the THz-SLM, while reducing the number of required electric contacts to M + N. In contrast, addressing each pixel by its own contact would require M · N + 1 contacts. Further explanation of hysteresis-based switching of pixels can be found in the Supplementary Information Sec. 3. 
Experimental Evaluation and Application
In the first test, we investigated the collective behavior of the THz-SLM, which means that all pixels were biased by the same voltage. We determined the hysteresis of the mirror actuation by increasing the voltage, starting from 0 V (mirrors inclined at maximal angle). We observed that all mirrors were pulled down to the ground at a voltage of 37 V. Hereby, the pull-in voltage was not homogeneously distributed over all mirrors, which is owed to differences in the internal stress of individual mirrors. We found the dielectric layer in an insulating state for all our tests, which include bias voltages up to 70 V. Higher voltages were not evaluated. While decreasing the bias voltage starting at 70 V, the mirrors returned to their maximal inclination angle at a release voltage of 15 V, which evidences the expected hysteresis in the mirror actuation.
We utilized the existing hysteresis to create a micro-controller-based switching unit for independent control of the THz-SLM pixels, as described in more detail in Supplementary Information Sec. 3. Figure 5(a,b) show two arbitrary examples of encoded modulation patterns of the THz-SLM. The 'M' switched in Fig. 5(a) , respectively the 'T' in Fig. 5(b) , are created by hysteretic electric switching. We observed minor crosstalk between pixels, as highlighted in Fig. 5(a) for the pixel in the upper right corner and in Fig. 5(b) for the fifth pixel from the left in the second row. In addition, we noticed an inhomogeneous distribution of the inclination angles of the individual mirrors within a pixel, which is caused by the self-assembly process. As a direct consequence, the required pull-in voltage for individual mirrors slightly varies within a pixel. Despite this minor inhomogeneity, we were able to determine an average pull-in voltage to switch all mirrors in the pixels with high reliability and absolute reproducibility. Furthermore, we found that deviations of inclination angles between individual mirrors do not deteriorate the modulation efficiency of the THz-SLM. The crosstalk between pixels depends on the relative thicknesses of individual layers in the stacked material of the mirrors 47 . For example, a thicker Cu layer in the Cr-Cu-Cr multi-layer mirrors potentially increases the homogeneity regarding the inclination angle of the mirrors in the THz-SLM, which implies a homogeneous actuation hysteresis for all mirrors and thus a reduction of the cross-talk in hysteretic switching. Furthermore, an increase of the thickness of the top Cr layer for constant adhesion Cr bottom layer thickness increases the inclination angle of the mirrors, which enlarges the difference between the voltages V pull-in and V release and consequently reduces the crosstalk between pixels as well.
In order to get an estimate on the ON-OFF switching time of the THz-SLM, we applied a periodic rectangular bias voltage with a peak-to-peak voltage of V PP = 40 V and a duty-cycle of 50% as a modulation input signal. We visually studied the movement of the mirrors under a microscope and investigated the dependence of the switching behavior on the modulation frequency of the bias voltage. The THz-SLM offered binary switching between ON-and Off-state for frequencies up to ≈1 kHz, which corresponds to a switching time of 1 ms and agrees with the maximal time resolution of the used camera. Unfortunately, higher modulation frequencies could not be measured due to the frequency limit of our measurement equipment.
For experimental evaluation, we measured the modulation contrast and the spectral bandwidth of the THz-SLM using a terahertz time domain spectroscope. The experimental setup is further described in the Supplementary Information Sec. 4. For measuring the contrast between the ON-state and OFF-state of a pixel, we placed the modulator in the focus between two off-axis parabolic mirrors and only illuminated a single pixel. The terahertz radiation was normally incident on the THz-SLM with the electric field polarized perpendicular to the long edge of the mirrors, as shown in Fig. 1 . We recorded the reflected terahertz pulse in the time domain and calculated the reflectivity intensity spectrum by application of the fast fourier transform. We then computed the dependence of the modulation contrast on the frequency of the terahertz waves, which is shown in Fig. 6(a) . As a reminder, we defined the frequency working range of the THz-SLM as the spectral bandwidth over which the modulation contrast exceeds a threshold of 0.5. Previous studies evidence that such a modulation contrast is sufficient to reconstruct images that are recorded by means of spatial light modulation and single-pixel www.nature.com/scientificreports www.nature.com/scientificreports/ detection 19, 21, 29 . With this definition, the modulator offers a spectral working range that spans from 0.97 THz to 2.28 THz with a maximum contrast of 0.87 at 1.38 THz for normally incident terahertz radiation.
In the next step, we examined the applicability of the modulator as reconfigurable grating for spatial terahertz light modulation as described 40 . For this purpose, we illuminated the complete aperture of the grating-based THz-SLM in a collimated terahertz beam and recorded the specular reflection. The THz-SLM was rotated by 45° around the axis along the short edge of the mirrors and was hit by terahertz waves with parallel polarization to this rotation axis. The incidence angle of 45° is close to the Littrow angle, for which we numerically calculated the modulation capabilities of a grating-based modulator in 40 . Unfortunately, the modulator could not be tested at the exact Littrow angle due to restrictions in the optical layout of the measurement setup. To study the dependence between reflected field amplitude into the detector and the number of pixels in the ON-state or OFF-state, we first sequentially increased the number of rows that were switched from the OFF-state to the ON-state and measured the reflected terahertz field amplitude, as depicted in Fig. 5(b) . In the schematic 4 × 6 modulator pixel matrix, OFF-pixels are indicated as white, while ON-pixels are indicated as dark. We measured the reflected field amplitude at frequencies of 1.0 THz, 1.3 THz, and 1.7 THz. At all three frequencies, the reflected field amplitude increased proportional to the number of switched-on rows. For reference, the measured reflected field amplitudes were normalized to the case, where all pixels were switched to the ON-state (maximal reflection). In analogy, we observed a linear dependence of the reflected field amplitude on the number of switched-on columns, as shown in Fig. 6(c) . Yet, we note that the linear fit agreed better for switching columns than for switching rows. This can be explained by the fundamental property that the spatial width of the diffracted beams in the different diffraction orders becomes more narrow for increasing aperture of the grating along the longitudinal direction of the mirrors. As a consequence, the diffraction orders become spatially more distinguishable. In our setup, the grating aperture is defined by the number of pixel rows. This implies that the aperture length of the grating stays constant at its maximum, when the columns are switched, whereas it varies when the rows are actuated. For this reason, we observe a stricter linearity in the dependence of the detected electric field on the number of switched columns (see Fig. 6 (c)) than in the dependence on the number of rows (see Fig. 6(b) ).
Conclusion
We designed, fabricated and experimentally demonstrated modulation of terahertz waves over a frequency range from 0.97 THz to 2.28 THz. Over the entire frequency band, the modulation contrast exceeded a value of 0.5 with a maximal contrast of 0.87 at 1.38 THz. The terahertz spatial light modulator (THz-SLM) consisted of 768 actuatable mirrors with a length of 220 μm and a width of 100 μm. Such large mirror sizes are required to reduce diffraction from individual mirrors, which would limit the pixel-to-pixel modulation contrast. The minimum pixel size of the modulator is dictated by the mirror size, while larger pixel sizes can be readily defined by grouping of mirrors that are steered simultaneously. We applied the mirror array as a reconfigurable grating for spatial modulation of terahertz waves that are diffracted from the reflection grating. For fabrication, we exploited residual stress in the mirrors that consist of chrome-copper-chrome multi-layers with a total thickness of 159 nm. The internal tension forces the mirrors to an inclined position at an angle of 35°. By applying a bias voltage of 37 V between mirror and ground plane, the mirrors were completely pulled down to the substrate. By analytic modeling, we determined the hysteresis of the mechanical movement of the mirrors and exploited it for addressing individual pixels by hysteretic electric switching via a low-cost micro-controller. By this means, we were able to modulate terahertz waves at arbitrary pixel patterns. Due to its large operating bandwidth, the modulator is perfectly suited as THz-SLM in a coded aperture imaging spectroscope. 
